• Bilberry fruit production and fruit set increased under continuous picking by rake in three-
Introduction
Bilberry (Vaccinium myrtillus L.) is a wild growing, deciduous dwarf shrub commonly found throughout Eurasia and western parts of North America. Bilberry expands mainly by effective rhizomatous growth regardless of luxurious flowering and an abundant production of berries. Both the berries and leaves of bilberry have been utilized as food and folk medicine for centuries in Nordic countries. Enhancing knowledge about the health benefits of bilberry and their applications in cosmetics and well-being products have increased the demand for bilberry. As a response to the increasing demand, the utilization of wild yields of bilberry is continuously increasing.
The general concerns of the utilization of wild bilberry yields are linked to assumed negative effects of intensive picking to subsequent berry production. This concern rests mainly on the harvesting practices, i.e. the intensive use of metal rakes in bilberry picking, which is claimed to cause visible damage in vegetation, and hence is expected to hamper the production of berries in forthcoming years. Bilberry fruit production is, indeed, a very uncertain process. For instance, forest management, history and stand age affect the abundance (Hedwall et al. 2013; Eldegard et al. 2019 ) and fruit production of bilberry (Nielsen et al. 2007; Miina et al. 2009 ). Moreover, the fruit production of bilberry is dependent on numerous climate-related factors (Selås et al. 2015; Boulanger-Lapointe et al. 2017 ), leading to a high between-year variation in bilberry yields. Intensive berry picking by rakes may cause damage by ripping and removing the biomass of bilberry comparable to herbivory. Natural herbivory induces plant chemical defense responses (Koo and Howe 2009) , and, hence, is not totally analogous to biomass loss by commercial berry picking, despite similar mechanical damages (Seldal et al. 2016 ). However, bilberry fruit production has been found to be reduced both under natural herbivory (Fernández-Calvo and Obeso 2004; Hegland et al. 2005 Hegland et al. , 2010 , as well as in studies mimicking herbivory (Tolvanen et al. 1993b) , and after clipping (Stark et al. 2010; Nestby et al. 2014) due to the allocation of resources to increased vegetative growth. Long-term vegetation changes towards more fast-growing graminoids in vegetation after biomass loss by clipping may lead to a lower sexual reproduction of bilberry (Mathisen et al. 2010 ) and bilberry yields.
Picking by plastic hand rake, commonly used in household and leisure picking, or picking by long-handed metal rake applied for more intensive purposes, did not diminish the bilberry fruit production in the following two years even when raking was applied intentionally by force (Manninen and Peltola 2013) . However, in the study by Manninen and Peltola (2013) , the picking treatment was applied only once which may not correspond to a practical utilization of wild berry yields, where the same areas may be under continuous picking pressure. In order to fill this gap in knowledge, we conducted an experiment to examine the effect of continuous bilberry picking on subsequent berry production. A long-handed metal rake was applied in the picking treatment to mimic an intensive bilberry picking event over the same areas during three years. To our knowledge, this is the first experimental study to investigate bilberry production and vegetation responses to continuous picking pressure. The research questions were: 1) Is the bilberry fruit production and the quality of berries reduced by continuous picking? 2) Do the fast-growing graminoids increase at the expense of other plant functional types in vegetation after continuous picking pressure? Answering these questions gives novel knowledge on a sustainability of current bilberry picking practice in areas under continuous picking pressure.
Materials and methods

Study sites
The experiment was conducted in a northern boreal forest area (66°32´N, 25°00´E) in Finland during 2012-2015. The meteorological data of the experimental area is shown in Table 1 . Four sites, rich in berry-producing bilberry plants, were chosen for the experiment. The sites were located in an area of approximately one square km. Common understorey species at the sites together with bilberry are lingonberry (V. vitis-idaea L.) and wavy hair-grass (Deschampsia flexuosa [L.] Trin.). A thick layer of bryophytes, consisting of species such as Pleurozium scheberi (Brid.) Mitt. and Hylocomium splendens (Hedw.) Schimp., are commonly found in the forest floor.
Experimental design
Sixty permanent study plots (1 × 1 m) were established in the experimental area in August 2012 (Table 2) . From these 60 study plots, 20 study plots were located at site 1, 10 study plots at site 2, 10 study plots at site 3, and 20 study plots at site 4. The study plots were randomly assigned to the control and picking treatments within each site. The number of replicates was 10, 5, 5 and 10 at sites 1, 2, 3 and 4, respectively. Study plots at each site were established at least 5 meters apart from each other.
In 2012, the number of berries was counted in the control plots without picking them, and the first raking treatment was applied in the picking treatment plots. The picking treatment was applied by raking vegetation, mimicking intense picking for commercial purposes, using a longhanded metal rake. The width of the rake was 20 cm having evenly distributed, round (diameter 2.5 mm) metal tines, located 0.5 cm apart. Vegetation and the moss layer in the plots were carefully examined by hand after raking to ensure that all berries were collected in the picking treatment plots. Berries, which were picked in the picking treatment plots, were counted, air dried for two hours, pooled and weighed. The biomass, which was ripped from the vegetation by raking, was collected and the biomass of bilberry was separated from other plant species' biomass, dried at 80 °C for 24 hours, and weighed. Undamaged, aboveground biomass of bilberry was measured by cutting randomly selected biomass samples (50 × 50 cm) outside the study plots at each site (N = 6 at each site) in 2012. The biomass of undamaged bilberry was treated similarly to the ripped biomass by raking in the picking treatment.
The number of bilberry flowers was counted in the control and picking treatment plots in 2013 and 2014. Bilberry flower counting is a very time-consuming work, which has to be accomplished within a short time period between flower development and wilting. Therefore the bilberry flowers were counted only in half of the control and picking treatment plots in 2013 (15 controls and 15 treatment plots, altogether 30 out of 60 study plots). The number of berries was counted in the control plots in 2013 and 2014 as in 2012 (Table 2) . Raking treatments were applied in the picking treatment plots, and the collected berries and the biomass which were removed by picking in 2013 and 2014 were processed as in 2012.
In 2015, all berries were picked by hand in the control and picking treatment plots. Raking was not applied in the picking treatment plots in 2015, due to the fact that damage caused by raking at that point would not likely affect the berry production in the same year. The collected berries in 2015 were treated as in 2012.
Plant abundances were estimated using the point frequency method at 100 systematically placed sampling points on each plot in July during 2013-2015. All the hits of each species were recorded and their abundances were pooled into plant functional types (deciduous dwarf shrubs, evergreen dwarf shrubs, graminoids and forbs) or total vegetation level. Mosses, litter and bare soil were recorded only once per hit, and, thus, their abundance corresponds to their cover in the ground layer.
In 2015, the aboveground biomass at randomly selected control (N = 6) and picking treatment (N = 6) plots was collected by cutting, and the biomass of bilberry and graminoid species was separated from other species, dried at 80 °C for 24 hours, and weighed.
One control plot was lost due to a felled tree after the flowering period at site 2, decreasing the number of study plots from the original 60 to 59 in 2013 (Table 2) . Moreover, a timber harvester passed across the area and destroyed 19 study plots (10 at the site 1 and 9 at the site 2) in 2015.
The number of study plots was 40, from which 20 were control plots and 20 picking treatment plots, at the end of the experiment in 2015.
The bilberry biomass, which was ripped by raking in the picking treatment during the experiment, and the average site-specific undamaged biomass of bilberry in 2012 are shown in Table 3 . Table 2 . Numbers of all study plots, control and picking treatment plots at four sites during the study. Measurements of the bilberry and aboveground vegetation in the control and picking treatment plots during the study are denoted by plus and minus -signs for each year separately.
Number of study plots and the measurements in control (C) and picking treatment plots (PT)
2012
2013 2014 2015 Number of all study plots, sum (at sites 1,2,3,4) 60 (20,10,10,20) 59 (20,9*,10,20) 59 (20,9,10,20) 40 (10,0,10,20) control plots, sum (at sites 1,2,3,4) 30 (10,5,5,10) 29 (10,4*,5,10) 29 (10,4,5,10) 20 (5,0,5,10) treatment plots, sum (at sites 1,2,3,4) 30 (10, 5, 5, 10) 30 ( 
Statistical analysis
The initial difference in the number of berries between the control and picking treatment plots in 2012 was tested by using a one-factor ANOVA. A linear mixed model was used to test the effect of picking treatment on the number of berries and flowers, fruit set, total vascular plant abundance, the relative abundance of plant functional types, and the relative abundance of mosses, litter and bare soil between the years. The fruit set of bilberry was estimated as the percentage value (number of mature berries/number of flowers × 100) per treatment. The relative abundance of plant functional types (deciduous dwarf shrubs, evergreen dwarf shrubs, graminoids and forbs) was calculated as the percentage values of total vascular plant abundance. Bilberry comprises 91.7% and bog whortleberry (V. uliginosum L.) 8.3% of the deciduous species abundance in the study. In the ground layer, the relative abundance of mosses, litter and bare soil was calculated as the percentage value from the total ground layer abundance.
The full model included the picking treatment as a fixed effect, plots nested within site as a random effect, and year as a repeated effect in the analysis testing the effect of picking on the number of berries, flowers, fruit set, the total vascular plant abundance, and the relative abundance of plant functional types. The best final model was selected by a backward eliminating method by removing the non-significant effects at the level p < 0.05 from the full model and by comparison of AIC values.
The variance estimates between sites and plots were almost zero which suggested removing the random effect from the model and to treat the site as a fixed effect. However, the site was not significant at the significance level p < 0.05 and was eliminated from the model. The best final model included picking treatment as a fixed effect, year as a repeated effect and their interactions in the analysis. Hence, the best final model was practically similar to a repeated measures ANOVA. However, linear mixed models were used due to the unbalanced data and missing values. Only the results of the best final model are reported. A compound symmetry covariance structure for year was used when testing the effect of picking on the number of berries, flowers, fruit set, and the relative abundance of plant functional types and mosses, litter and bare soil. An unstructured covariance structure was used in testing the effect of picking on the total plant abundance. An LSD post hoc-test at a significance level p < 0.05 was used to detect significant differences between years.
A one-factor ANOVA was used to test the difference between the mean fresh weight of berries in the control and picking treatment in 2015. The mean fresh weight of berries was derived by dividing the pooled fresh weight of berries in the control and picking treatment plots by their number in 2015. Table 3 . Undamaged aboveground biomass of bilberry (Vaccinium myrtillus) (dry weight g m -2 , mean ± SE) in 2012 and the amount of biomass, which was removed by rake together with berries in the berry picking treatment plots at four study sites during 2012-2014. The proportion of removed biomass from undamaged bilberry biomass is shown for 2012. The biomass of bilberry, pooled biomass of graminoids and pooled biomass of other vascular plant species collected in the control and picking treatment plots in 2015 was tested by a one-factor ANOVA.
Data was checked for the normality and homogeneity of variances, and log-and arcsinetransformed data was used in the analysis if the data did not fulfill the requirements. All statistical analyses were conducted using SPSS 25 for Windows (IBM Corp. 2017).
Results
The number of berries did not differ in the control and picking treatment plots prior to the experiment in 2012 (one-factor ANOVA: F( 1,58 ) = 3.071, p = 0.085). The number of berries was significantly higher in the picking treatment plots than in the control plots in 2013-2015: the increment in berry number was approximately 79%, 65% and 56% in picking treatment plots compared to the controls in 2013, 2014 and 2015, respectively (Table 4) ( Fig. 1) . Between-year variation was not detected in the berry number in 2013-2015 (Table 4) (Fig. 1) .
The number of flowers did not differ between the control and picking treatment plots in 2013 and 2014 (Table 4 ). The number of flowers was 142.93 ± 11.21 and 173.09 ± 28.04 flowers/m 2 (mean ± SE) in the control and picking treatment plots in 2013, and 168.13 ± 18.33 and 180.53 ± 27.98 in 2014. The fruit set (%) of bilberry was higher in the picking treatment compared to the control in 2013 and 2014 (Table 4) (Fig. 2) .
The mean fresh weight of berries was similar in the control and picking treatment plots in 2015 (one-factor ANOVA, F( 1,38 ) = 0.990, p = 0.326). The mean fresh weight (g) of berries in the control and picking treatment plots was 0.25 ± 0.1 and 0.26 ± 0.1 (mean ± SE, N = 20), respectively, in 2015.
Total vascular plant abundance was higher in 2013 and 2014 compared to 2015 (Table 5 ). The picking treatment had no effect on the relative abundances of plant functional types (Table 5 ) ( Fig. 3) . However, the relative abundance of deciduous dwarf shrubs was higher in 2015 than the other years of the experiment, especially when combined with picking (Table 5) (Fig. 3) . The relative abundance of graminoids was lower both in the control and picking treatment plots in 2015 than in 2013 and 2014 (Table 5) (Fig. 3) . The relative abundance of mosses, litter and bare soil was similar among the years, and was not affected by picking, as revealed by the linear mixed model analysis (results not shown).
The biomass of bilberry, pooled biomass of graminoids and the pooled biomass of other vascular plant species in the control plots were similar to the picking treatment plots in 2015, after three years of treatments (one-factor ANOVA; bilberry: F (1,10) = 1.986, p = 0.189; graminoids F (1,6) = 1.444, p = 0.275 and the pooled biomass of other vascular plant species: F (1,10) = 1.644, p = 0.229). Ndf numerator degrees of freedom, Ddf denominator degrees of freedom, a log-transformed data were used in the analysis, b arcsine-transformed data were used in the analysis.
Discussion
The findings of increased fruit production and fruit set of bilberry in our study suggest enhanced bilberry yields in areas under continuous picking. These results are not in accordance with several previous studies suggesting that biomass loss and mechanical damage due to the natural herbivory (Fernández-Calvo and Obeso 2004; Hegland et al. 2005) or clipping cause reductions in bilberry fruit production and fruit set (Mathisen et al. 2010; Nestby et al. 2014; Pato et al. 2016) . A number of references support our findings of increased berry production and fruit set of bilberry after biomass loss. Tolvanen et al. (1993b) found that the potential for sexual reproduction in terms of flower production may be even higher after two to three years of delay after about a 50% bilberry biomass loss. High bilberry flower production was associated with the vigorous growth of previous years' shoots and accelerated rejuvenation process after damage, leading to the assumption that moderate biomass loss may be even beneficial to bilberry performance (Tolvanen et al. 1993b ). On the other hand, in the study by Tolvanen et al. (1993b) , the enhanced flower production after the 50% biomass loss did not lead to the higher bilberry fruit production, probably due to the lack of resources for fruit maturation in already stressed plants.
Besides the lack of resources, a bilberry flower has to face several challenges, such as harsh weather conditions at the several stages of berry development (Selås et al. 2015) and the availability of pollinators (Nuortila et al. 2002) , before becoming a berry. In this study, the number of flowers was not significantly affected, while both fruit production and fruit set increased without an indication of reduced fruit mass after picking, and the biomass loss was fully compensated. Hence, we can only assume that perhaps some aspects of pollination, such as flower availability Fig. 3 . Relative abundance (percentage values from the total vascular plant abundance) of plant functional types in the control and picking treatment plots in 2013-2015. Prefix "C" refers to the control and "PT" to the picking treatment on the X-axis. The picking treatment had no effect on the relative abundance of plant functional types. Small letters indicate the significant difference in the relative abundance of deciduous and graminoid species between years as revealed by a linear mixed models and LSD post hoc-test. A significant interaction between treatment and year was found for deciduous dwarf shrubs, which increased when combined with picking in 2015. A relative abundance of forbs is not shown in the figure due to their low abundance. and 2014 : control: N = 29, picking treatment: N = 30. In 2015 to pollinators, changed, while the resources for fruit maturation were still adequate after continuous picking. However, the factor behind the improved bilberry fruit production and fruit set remains unsolved in this study.
Bilberry fruit production is associated with current annual shoot size (Tolvanen and Laine 1997; Fernández-Calvo and Obeso 2004) and is linked to the ability of bilberry to produce new growth after biomass loss. In this study bilberry lost annually less than 0.5% of its total standing biomass, which is far more than 50 times lower as compared to the 25% to 100% biomass loss applied by clipping in most of the studies on bilberry performance Nestby et al. 2014; Pato et al. 2016 ). The recovery time after severe damage takes several years Hautala et al. 2008) , during which vegetative recovery prevails and bilberry fruit production is postponed (Tolvanen et al. 1993b; Nestby et al. 2014) . For example, Stark et al. (2010) reported that already a one-time 20% biomass loss from the top of the ramets of bilberry postpones bilberry fruit production for two years. This is probably because a biomass loss decreases the reproductive units of plants (Salemaa et al. 1999) or reduces the size of bilberry (Strengbom et al. 2003; Hegland et al. 2005) , which induces the need for an allocation of resources to a vegetative recovery instead of sexual reproduction. However, a delay in berry production was not detected in the study by Manninen and Peltola (2013) , in which about 1% of bilberry biomass was lost after intentionally powerful picking by rake.
Bilberry compensates for early growing season biomass loss more effectively than late growing season damage (Tolvanen et al. 1993 ). Picking-related damage is limited to 2-3 weeks at the time when the growing season is already over and the accumulation of resources to belowground has started. A resource accumulation to belowground is crucial for producing new growth a year after damage, but it also apparently prevents the regrowth of bilberry after biomass loss in the autumn (Tolvanen et al. 1993a ). This is beneficial for bilberry performance as regrowth after late damage may increase the risk of premature death of produced shoots in forthcoming years (Tolvanen et al. 1993a ). Even severe aboveground damage is suggested to cause rather small resource loss in autumn, and to have no negative effect on the compensation for lost biomass in other deciduous dwarf shrub species, bog bilberry (V. uliginosum L.) (Salemaa et al. 1999) . Hence it seems that the timing of picking in the late growing season may protect bilberry from strong negative effects of biomass loss on regrowth ability in next spring.
Besides the intensity and timing of biomass loss, the type of damage, i.e. the origin of the lost biomass, may affect vegetative recovery (Tolvanen et al. 1992 ) and, thereby, later sexual reproduction. The majority of biomass ripped from the bilberry by raking consisted of leaves and current annual shoots in our study, although the share of their biomass was not separated from the total biomass which was lost by picking. Tolvanen et al. (1992) found that losing of 50-100% of leaf biomass at the ramet level did not allow a new, photosynthesizing biomass to emerge, leading to a delay in the bilberry fruit production similarly to intensive damage by shoot cutting. Contrary to the loss of leaf biomass, removing current annual shoots breaks the apical dominance and triggers compensation for lost biomass from dormant buds in the lower parts of the bilberry ramet, being less detrimental to bilberry performance (Tolvanen et al. 1992 ). However, Tolvanen (1994) also found that less intense biomass loss at the beginning of the growing season does not have such a drastic effect on the regrowth of bilberry. Removing 50% of leaves from the current annual shoots (instead of from the whole ramet in Tolvanen et al. 1992) and removing 50% of all current annual shoots at the beginning of the growing season did not affect the growth and flower production of bilberry, although the author did not follow the later development of flowers into berries (Tolvanen 1994) .
Picking had no effect on the relative abundance of plant functional types, revealing that damage caused by picking was too weak to affect the plant community structure. Especially graminoid wavy hair-grass responds by rapid growth to small-to large-scale damage in the understorey of boreal forests (Palviainen et al. 2005; Hautala et al. 2008) . Wavy hair-grass occurs typically in low abundances within dense bilberry stands and competes with bilberry for light (Strengbom et al. 2004) . Continuous damage may alleviate light availability and relax the aboveground competition between wavy hair-grass and bilberry (Strengbom et al. 2004 ), leading to the increased abundance of fast-growing graminoid species in the understorey (Bowman et al. 1995; Hawkes and Sullivan 2001) . In our study, deciduous dwarf shrubs maintained their dominance, and also increased by picking in the understorey at the end of the experiment. Instead of investing in secondary defense metabolites, the production of new growth is suggested to be the most important strategy for bilberry to respond to biomass loss (Tolvanen and Laine 1997; Dahlgren et al. 2007; Jaakola et al. 2008 ). Moreover, deciduous species, such as bilberry, accumulate efficiently resources to belowground organs which enable them to relocate resources for rapid growth after damage (Tolvanen and Laine 1997) .
In conclusion, we suggest that the low intensity and timing of damage act as a buffer against the adverse effects of picking on bilberry fruit production. Surprisingly both bilberry fruit production and fruit set increased after continuous picking, although the reason behind this phenomenon remains unclear in this study. Picking probably accelerated the rejuvenation process of bilberry ramets, which may be beneficial to bilberry performance in the long-term. Moreover, the relative abundance of plant functional types remained the same after three years of picking, suggesting that continuous picking does not deteriorate bilberry yields by inducing changes in a vegetation community structure. On the basis of this study, it is reasonable to anticipate that there are no indications that current intensive berry picking would not be on a sustainable level.
